Abstract -Thermocapillary-driven convection around a bubble under a heated wall is experimentally investigated under gravitational conditions. The induced flows are categorized into laminar, periodic oscillatory, and non-periodic oscillatory flow through the pattern of the tracer particle motion around the bubble using particle image velocimetry PIV, and through surface temperature variation using resistance temperature detectors (RTDs). Transient temperature development at a discrete point can reflect the fluctuations of the flow. Chaotic flows are observed in these experiments. They are distinguished from the periodic oscillatory flow through the non-periodicity of temperature fluctuations along a certain point around the bubble within the flow domain.
Introduction
Temperature gradients in liquid-liquid and liquid-gas systems evolve both free and forced convection influencing heat and mass transfer processes within the system. On earth, the convective flow due to buoyancy is the dominant flow, which is a result of density variations due to temperature gradients in the flow domain. Moreover, a non-neglected secondary convective flow is observed on the phase boundary between two liquids or liquid and gas. This additional convective flow is a result of temperature gradients at the phase boundary. The interfacial surface tension gradients ∂σ/∂T caused by interfacial temperature gradients ∂T/∂Z lead to a fluid flow towards regions of high surface tensions and low temperatures well-known as thermocapillary Marangoni convection. The physical problem is mainly characterized by the Marangoni number, Mg, representing the ratio of convective heat flow induced by capillary convection to the heat transfer due to conduction. Many authors defined the Mg-number in different forms, depending on both thermal diffusivity α and dynamic viscosity η of liquid, as shown in table 1. Wozniak et al. [1, 2] used the bubble radius RBl only to represent the characteristic length in calculating the dimensionless number Mg, while Chun et al. [3] used both bubble diameter and its vertical expansion B. Chun et al. [3] [1] the mean whole temperature gradient along the liquid matrix |∂T/∂Z|∞ is simply considered. In this work, the form used by Chun et al. [3] is used, as both geometrical parameters of the bubble are considered. Moreover, the actual temperature gradient near the bubble is used in the equation instead of the whole temperature gradient of the test fluid. The shape of the injected bubble is affected by buoyancy force. It is noticed that there is no geometrical bubble shape similarity among different bubble radii in our experiments, as shown in table 2. Marangoni convection can dominate heat and mass transfer more under microgravity conditions. Therefore, manufacturers should consider that thermocapillary convection in material production processes in space [4] . Moreover, one can purposefully use the temperature gradient to eliminate or move bubbles or drops suspended in liquid metals [5] , as well as in other applications like manufacturing of single-walled carbon nanotubes [6] , monocrystal production, and investigating Flame spread above liquid fuels [7] , to mention only a few examples. Many efforts have been made to study Marangoni convection, also to determine the behaviour of the flow, and the factors leading to instabilities of that flow like periodic oscillations or non-periodic ones till it turns to turbulent flow, [8] , [9] , [3] , and [10] . Therefore, our work aims at developing a test cell for high Mg-numbers to study the flow behaviour of the examined volatile fluid, where high non-periodic oscillations are achieved. From the previously examined liquids Methanol, Ethanol, and Silicon oil AK 0.65 are the most suitable liquids to reach high Mg-numbers. 
Experiments Setup and Methodology
In order to systematically investigate and prove the turbulent thermocapillary flow around a bubble under a heated wall wall by optical measurement techniques, a certain adjustment of the test cell is being used to pursue that experimental study, study, as shown in figure 2 . The test used is quite similar to that described by Schade et al. [11] . It is, in brief, a rectangular rectangular cavity ending with two horizontal copper plates each of 50 X 80 mm as horizontal dimensions. These copper plates are maintained at two different uniform temperatures to generate the vertical temperature gradient required for generating the thermocapillary flow. The lower plate is maintained at a lower temperature, Tu, by means of a Compact LowTemperature Thermostat, while the other upper plate is maintained at a higher temperature, To, using an electrical resistance heater. To enhance the visibility, the front and back side walls are made of optical glass. Three more copper plates are mounted on the lower copper base to decrease the clear height of the liquid matrix to 15 mm in order to achieve higher temperature gradients among the test cell. Low viscous Silicon oil Ak 0.65 is used as a test liquid with a descriptive adjustment of an argon-iron laser to record streak images of the flow using Borosilicate particles of 10 µm in diameter as tracer particles. With that, various patterns of flow field can be observed. For temperature measurement and control, six thermo-elements (RTDs) are inserted vertically at different distances from the upper plate near the midline to measure the actual temperature gradient near the bubble. After heating the upper plate and cooling the lower one as long until the stable temperature gradient along the liquid is reached, the bubble is injected from the central hole in the upper plate. Later the flow is visualized and the data are processed to find out both velocity and temperature behaviours. The liquid temperature at a discrete point A (R= 8.5 mm, S= 1 mm) near the upper plate is measured every 100 ms, where R is the radial distance away from the centre of the upper plate, and S is the vertical distance downwards the upper plate. So that one can check the periodicity of temperature fluctuations, which was recommended to achieve a better accuracy in recording the wave period [9] .
Measuring the temperature fluctuations at the discrete point A is considered as an indication of the periodicity of the oscillating liquid particles. The frequency of the temperature fluctuations of 0.4 Hz, as shown in figure 3 agrees with the calculated oscillating frequency of the fluid particles moving around the bubble. The mentioned oscillatory frequency of the fluid particles is determined by tracing the movement of a single particle with the help of 27 consecutive PIV camera shots of the flow field around the injected air bubble, with a total time of 3.375 secs, as shown in figure 4. 
Results and Discussions
At low Mg-numbers, liquid particles around the bubble periphery are attracted downwards to regions of low temperature and high surface tension, and then pushed upwards by buoyancy forces forming a thin anticlockwise vortex near the bubble surface, as shown in figure 5 . Figure 6 shows the temporal development of temperature at a discrete point A. Low amplitude temperature variations of 0.03 °C at the same point ensure a steady vertical temperature gradient along the test cell. These low amplitude variations are caused by temperature sensor self-instabilities. An instantaneous increase in temperature is observed, once the bubble is injected. Temperature oscillations with a low frequency of 0.1 Hz of temperature take about 7 minutes and then it reaches a plateau of 26.25 °C with very low oscillations which can be neglected. ICMFHT 102-5 In low Mg-number experiments, the effect of changing bubble diameter is also discussed. It is found that the duration of temperature fluctuations accompanied by bubble injection increases with injecting larger bubbles, however, the span of temperature oscillations remains the same as long as the temperature gradient along the test cell is constant, as shown in figure 7 . One can notice an increase of the mean temperature in case of the larger bubble, due to the injection of more amount of air to the bubble. Further analysis of the temporal temperature variations at a discrete point around the bubble can help to evaluate the behaviour of the flow [3] . Figure 8 shows laminar flow fields around the injected bubble at different low Mg-number conditions, where no obvious temperature oscillations of amplitude higher than 0.03 °C appear. Therefore, the flow is considered as laminar being. Regarding the flow field behaviour, a secondary vortex does not appear at such a lower Mgnumber, as shown in figure 8 , while it starts to appear at relatively higher Mg-numbers. While further increasing the temperature gradient along the test cell at higher Mg-numbers, the flow field around the bubble remains the same till reaching Mg= 18355, where periodic oscillations of the temperature of a low frequency of 0.2 Hz at the discrete point around the bubble as shown in figure 9 appear. Furthermore, the small variations of amplitude of 0.03 °C are also neglected and considered as noise in the temperature measurement. At this Mg-number, the first vortex is enlarged near the upper plate as shown in figure 10 . The mentioned case of periodically oscillating flow of Mg= 18355 matches that result mentioned before by Raake et al. [10] , as oscillations were supposed to arise starting from a temperature gradient of 0.5 °C /mm, followed by high degree of oscillations at around of 1 °C/mm. According to figure 11 , the discussed case of Mg= 18355, and rB /zB, ratio of bubble radius to its vertical expansion = 2.25, was expected by Chun et al. al [3] to oscillate periodically. This matches our results. Further experiments were performed at higher Marangoni values. With higher temperature gradients, higher orders of temperature oscillations are noticed. Also a certain development in the flow field around the bubble has been observed. The primary vortex splits into more eddies forming three vortices around the bubble, and the fluid tracer particles are found to be oscillating, which matches also with the experimental work of Raake et al. [10] , figure 12. As predicted, the temperature at the discrete point oscillates in a non-periodic form with a higher frequency of 0.64 Hz and a higher amplitude of 0.25 °C. However, sudden consequent decrease and increase in temperature are noticed. This sudden change repeats itself periodically every 35 seconds, as shown in figure 13 . That is attributed to the periodic movement of the second vortex in the vertical direction, as shown in figure 14, or possibly due to unwanted vibrations of the injected bubble during the experiment. 
Conclusion
Transient temperature development at a discrete point can reflect the fluctuations of the Marangoni flow. At numbers of around 18355, periodic oscillations of AK 0.65 particles around the injected bubbles are observed. With increasing the temperature gradient along the injected bubble surface, the primary vortex splits into more vortices. Accordingly, at higher Ma-numbers, the degree of oscillations increases, represented by higher amplitudes and of temperature oscillations. Among all the pursued experimental work, the oscillation frequency was not reproducible in all experiments. That agrees with both Chun et al. [3] and Betz et al. [9] . The mode of oscillation does not depend only on the known parameters affecting the formed Marangoni flow around the bubble, but also another disturbance like the vibration of the bubble and the initial thermal and mechanical conditions while forming the bubble as mentioned before [3] . Increasing the Temperature of the heated plate is limited to the vapour pressure of AK 0.65. According to Vapour pressure-Temperature curves of AK 0.65, it is theoretically noticed that a gauge pressure of 1 bar is enough to shift the vaporization temperature to the range near 100 °C. Therefore, it is recommended to pursue the experiments under gauge pressure.
